Introduction {#s1}
============

The inhalation of fine ambient particulate matter (PM~2.5~; PM \<2.5 µm in diameter) has long been associated with increased risk of cardiovascular morbidity and mortality [@pone.0088582-Miller1], [@pone.0088582-Pope1], [@pone.0088582-Pope2]. Ambient PM~2.5~ air pollution was recently listed as the ninth-ranked cause of disease worldwide, and the fourth-ranked cause of disease in East Asia [@pone.0088582-Lim1]. To understand the pathological mechanisms that may explain these population-wide observations, investigators utilizing controlled exposure facilities and animal models have begun to elucidate potential biological mechanisms by which PM~2.5~ adversely affects systemic cardiovascular function. Studies investigating the acute as well as the chronic effects of PM~2.5~ inhalation have demonstrated that PM~2.5~ inhalation is capable of promoting multiple deleterious effects on the cardiovascular system through a variety of mechanisms, including: 1) inciting pulmonary inflammation, resulting in the spillover of reactive products into the circulation, including proinflammatory cytokines, 2) dysregulating the autonomic nervous system, and 3) directly translocating particles from the lung into the circulation, influencing vascular inflammation and function [@pone.0088582-Brook1]. All of these pathways have been suggested to play a role in the observed acceleration of atherosclerosis [@pone.0088582-Bai1], [@pone.0088582-Campen1], [@pone.0088582-Quan1], [@pone.0088582-Sun1], impaired vascular function and loss of bioavailable nitric oxide (NO) [@pone.0088582-Kampfrath1], [@pone.0088582-Sun2], and induction of cardiac remodeling and increased susceptibility to heart failure [@pone.0088582-Wold1], [@pone.0088582-Ying1] in rodent PM~2.5~ exposure models.

As the inhalation of PM~2.5~ can have adverse effects on systemic vascular function, there has been an increased interest to understand the potential effect of *in utero* PM~2.5~ exposure on the developing fetus. During development, the highly vascularized placenta is the primary component of the fetomaternal interface, regulating oxygen tension, nutrient levels, certain immune functions, and intrauterine growth [@pone.0088582-Arck1], [@pone.0088582-Ward1], [@pone.0088582-Webster1]. In a recent multicenter meta-analysis investigating the effect of PM~10~ and PM~2.5~ exposure during pregnancy and birthweight, Dadvand and colleagues (2013) reported PM exposure to be associated with reduced birthweight, as both a term low-birthweight outcome variable and as a continuous variable [@pone.0088582-Dadvand1]. These data provide evidence that PM exposure can adversely affect intrauterine growth, likely in a linear manner. As much of traffic related PM~2.5~ is derived from diesel exhaust (DE) [@pone.0088582-Lewtas1], controlled DE exposures using mouse models have demonstrated *in utero* DE exposure to promote placental and fetal inflammation in late gestation [@pone.0088582-Auten1], [@pone.0088582-Bolton1]. These effects of DE on *in utero* inflammation are associated with adult susceptibility to weight gain and obesity [@pone.0088582-Bolton1] as well as airway hyperreactivity following subsequent ozone exposure [@pone.0088582-Auten1].

Barker and colleagues have previously revealed fetal development to be a critical window that strongly influences adult susceptibility to disease, leading to the concept of 'fetal origins of adult disease' [@pone.0088582-Barker1], [@pone.0088582-Eriksson1], [@pone.0088582-Feldt1], [@pone.0088582-Godfrey1], [@pone.0088582-Law1], [@pone.0088582-Martyn1], [@pone.0088582-Vijayakumar1]. Importantly, reduced birthweight has been observed to be associated with increased adult risk of cardiovascular mortality [@pone.0088582-Barker1] as well as increased ventricular hypertrophy [@pone.0088582-Vijayakumar1] and hypertension [@pone.0088582-Martyn1], suggesting that adverse intrauterine conditions that promote reduced birthweight, may also promote lifelong susceptibility to cardiovascular diseases that increase overall risk of cardiovascular mortality. In addition, Eriksson and colleagues (2000) reported that reduced placental weight was associated with an increased risk of hypertension in patients with diabetes [@pone.0088582-Eriksson1], suggesting that placental insufficiency may exert a profound influence on adult cardiovascular physiology.

In our previous work, we compared the effects of 'adult' versus 'developmental' exposure to DE on adult susceptibility to heart failure in mice [@pone.0088582-Weldy1]. Interestingly, we observed that offspring exposed to DE *in utero* and early in life, where exposure began maternally 3-weeks prior to pregnancy, throughout pregnancy, and until offspring were 3 weeks of age, had increased sensitivity to pressure overload-induced heart failure as adults. This effect was not observed in mice exposed to DE for two months post weaning, suggesting that developmental exposure to DE produces long lasting effects on adult myocardial susceptibility to injury. Although our previous work demonstrates the importance of developmental exposures to air pollution on adult susceptibility to disease, it did not determine the potential for *in utero* exposure to air pollution alone to influence adult health. Understanding the potential for *in utero* air pollution exposure to influence adult cardiovascular risk will likely have strong public health implications.

From these prior observations, we hypothesized that *in utero* exposure to DE air pollution would promote placental oxidative stress and inflammation, resulting in adverse intrauterine conditions leading to increased embryo resorption as well as decreased placental and fetal weights. We also hypothesized that *in utero* exposure would promote weight gain, increased blood pressure, and increased susceptibility to pressure overload induced heart failure in adult mice. To test these hypotheses, we exposed pregnant female C57BL6/J mice to DE (300 µg/m^3^ PM~2.5~, 6 hrs/day, 5 days/week) or filtered air (FA) from embryonic day 0.5 (E0.5) through E17.5, at which point we assessed embryo resorption, placental and fetal weights, placental oxidative stress as measured by 3-nitrotyrosine protein modification, placental histology by hematoxylin and eosin (H&E) staining, and inflammatory cell infiltration by α-CD45 immunohistochemistry. In addition, following birth, offspring were raised in FA conditions to adulthood for subsequent measurement of adult body weight, blood pressure, cardiac function and susceptibility to pressure overload-induced heart failure. In this study, we report that *in utero* DE exposure promotes an adverse intrauterine environment that results in adult weight gain, altered blood pressure and increased susceptibility to pressure overload-induced heart failure.

Materials and Methods {#s2}
=====================

Ethics Statement {#s2a}
----------------

All animal work was conducted according to relevant national and international guidelines. This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All animal experiments were approved by the University of Washington Institutional Animal Care and Use Committee (PHS Animal Assurance Welfare \# A3464-01).

Diesel Exhaust Exposure and Mice {#s2b}
--------------------------------

Male and female C57Bl/6J mice were purchased from The Jackson Laboratory (Bar Harbor, Maine, USA). All mice were housed in specific pathogen free (SPF) conditions on a 12/12-light/dark cycle. Female and male mice between the ages of 12 to 14 weeks were transferred to our Northlake Diesel Exposure Facility located near the University of Washington (UW) and housed under SPF conditions in Allentown caging systems (Allentown, NJ, USA) as previously described [@pone.0088582-Gould1], [@pone.0088582-Weldy2], [@pone.0088582-Yin1]. Diesel exhaust (DE) was generated from a single cylinder Yanmar diesel engine (Model YDG5500EV-6EI) operating on 82% load. A detailed analysis of DE particulate components in this system has been previously reported [@pone.0088582-Gould1]. DE exposures were conducted for 6 hours per day (9 am --3 pm) five days a week (Monday -- Friday) and DE concentrations were regulated to 300 µg/m^3^ of PM~2.5~. A 300 µg/m^3^ concentration of PM~2.5~ six hours/day, five days/week equates to a time weighted hourly average of 53 µg/m^3^.

Exposure characteristics detailing gas, particle-bound polycyclic aromatic hydrocarbons (PAH), and particle diameter were recently measured and reported [@pone.0088582-Weldy1], [@pone.0088582-Liu1]. Briefly, oxides of nitrogen concentrations were 1800 ppb NO~x~ and 60 ppb NO~2~, carbon monoxide was 2 ppm, and carbon dioxide was 1000 ppm. The mass fraction of particle-bound PAH was 20 ng/µg PM~2.5~ and the ratio of the organic carbon to elemental carbon mass concentration was 0.10. The mass median aerodynamic diameter of particles was 85 nm (GSD 1.2) and the count median thermodynamic equivalent diameter was 87 nm (GSD 3.0).

E17.5 Fetal and Placental Collection {#s2c}
------------------------------------

For our assessment of the embryonic effects of *in utero* DE exposure, timed matings were initiated on Monday afternoon and subsequently checked for a visible vaginal plug the following morning. If plugs were visible, mice were immediately transferred to either FA or DE. Noon of the day vaginal plug was detected was considered embryonic day 0.5 (E0.5), and exposure ended at E17.5, at which point pregnant mice were euthanized by overdose with tribromoethanol (intraperitoneal injection, i.p., 650 mg/kg). Seven pregnant dams were used for this E17.5 study, 3 FA and 4 DE. The uterus of each dam was collected and a visual inspection was conducted to detect evidence of embryo resorption. Following removal of the uterus, a gravimetric analysis was performed on the following tissues: uterus, individual whole embryos (including placenta, amnion, fetus, and membranes), individual placentas, and individual fetuses. Three placentas and fetuses from each dam were fixed in 10% neutral buffered formalin and processed with paraffin for further histological analysis.

Tissue Histology, Placental 3-nitrotyrosine Immunofluorescence, and α-CD45 Immunohistochemistry {#s2d}
-----------------------------------------------------------------------------------------------

To assess the placental pathology, tissues were collected, fixed in 10% neutral buffered formalin and processed following standard protocols. Seven-micron thick sections from both sagittal and *en face* orientations of the placenta were de-paraffinized in xylene, and hydrated using 100%, 95%, and 70% ethanol incubation steps prior to incubation in distilled H2O and subsequent staining with hematoxylin and eosin (H&E). Following staining, sections were mounted with Permount Mounting Medium (Fisher Scientific, Hampton, NH, USA) and evaluated by a veterinary pathologist unaware of treatment status.

3-nitrotyrosine (3-NT) immunofluorescence was performed as previously described, with modifications [@pone.0088582-Weldy3]. Seven-micron thick sagittal sections of the placenta were processed as described above. Sections were blocked in 10% goat serum in PBS at room temperature for 2 hrs, and then incubated at 4°C in 10% goat serum with primary antibody directed against 3-nitrotyrosine (3-NT)(1∶200 dilution; Millipore 06--284, rabbit IgG). Following overnight 3-NT antibody incubation, slides were rinsed with PBS, and then incubated in the dark for 1 hour with goat anti rabbit Alexa 546 secondary antibody (1∶400 dilution). Slides were subsequently rinsed with PBS, and then fixed with 10% neutral buffered formalin for 5 minutes to preserve secondary stain. Slides were rinsed with PBS, and then mounted using Vectashield, mounting medium for fluorescence with DAPI (Vector Laboratories, Inc., Burlingame, CA, USA). Fluorescence images were captured with a Nikon Eclipse E400 microscope equipped with a TRITC filter (Nikon, Tokyo, Japan), a Mercury-100W lamp (Chiu Technical Corp., Kings Park, NY, USA) and a Nikon Digital Sight (Nikon, Tokyo, Japan) camera. Two sections from each placenta were prepared following this procedure, and 3 pictures under a 20X objective were taken from each section for a total of 6 pictures per placenta. Following background subtraction, number of pixels that are 3-NT positive were quantified by Image J (NIH, Bethesda, MD, USA), and average positive 3-NT staining from 3 placentas for each dam were compared.

To assess inflammatory cell infiltration into the placenta, α-CD45 immunohistochemistry was conducted on seven micron sagittal sections using a Diaminobenzidine (DAB) histochemistry kit with streptavidin-HRP (Cat. \# D22187, Life Technologies, Carlsbad, CA, USA) following the manufacturer's protocol. Rat α-mouse CD45 IgG (1∶50 diluation) (Mat. \# 553076, BD Pharmingen, Franklin Lakes, NJ, USA) was used as a primary, and biotinylated α-rat IgG raised in goat (1∶100) was used as a secondary (BA-9400, Vector Labs, Burlingame, CA, USA). Following de-paraffinization and hydration steps, placental sections underwent a 30-minute antigen revealing step with 0.1% Triton X-100 in 0.1% sodium citrate. Following DAB treatment and completion of IHC staining, sections were dehydrated with serial ethanol rinses, incubated in xylene, and mounted with permount mounting medium.

Assessment of Adult Endpoints Following in Utero Exposure to DE {#s2e}
---------------------------------------------------------------

To examine the effects of *in utero* DE exposure on adult endpoints, a total of 9 female mice became pregnant, 4 were exposed to FA and 5 were exposed to DE. Female mice exposed to DE throughout pregnancy were transferred to FA at the end of exposure on E17.5. Birth was observed to occur between E18.5 and E19.5. All offspring from these 9 litters were raised in FA conditions and were weaned at postnatal day (PND) 21. A total of 26 male offspring were used for this study, 12 FA and 14 DE. At 10 weeks of age, male offspring were transferred from the Northlake facility to the UW Medicine South Lake Union (SLU) SPF vivarium, where mice underwent blood pressure, body weight, echocardiographic assessment, and surgery. Male mice were chosen for this study to eliminate the effect of cyclic hormonal variation.

Blood Pressure Measurement by Tail Cuff {#s2f}
---------------------------------------

Blood pressure was measured in male mice by use of the CODA 6 tail-cuff blood pressure system (Kent Scientific, Torrington, CT, USA). Prior to blood pressure measurement, mice were acclimated to restraint by following a 7-day training protocol. Each day, male mice were placed into a plastic restraining tube used for tail-cuff and blood pressure measurement for increasing amounts of time, beginning at 5 min/day. At the end of the 7-day period, mice were accustomed to spending 45 min restrained in individual restraining tubes without overt discomfort. Upon blood pressure measurement, mice were restrained and warm water-bags, monitored at a temperature between 35--37°C, were placed on top and around mice to keep temperature stable. Tails of mice were fitted with CODA O-Cuff and VPR-Cuffs according to the manufacturer's protocol to ensure proper BP measurements. Settings of the tail-cuff were set to measure BP 10 times without recording data, followed by 10 times while recording data. This procedure was practiced 1X without data collection, and a second time the following day with complete data collection. The average of the second 10X data measurements on the second day were used for BP measurements.

Echocardiography and Transverse Aortic Constriction Surgeries {#s2g}
-------------------------------------------------------------

Upon transfer of male offspring to the SLU SPF vivarium, mice underwent baseline echocardiographic assessment at 11--12 weeks of age. Under 0.5% isoflurane anesthesia, cardiac size and function were assessed using a Visual Sonics (Toronto, Canada) VEVO 770 system equipped with a 707B scan head as previously described [@pone.0088582-Liu2], [@pone.0088582-Yu1]. When the heart rate of the mouse had returned to normal following anesthesia (\>520 bpm), parasternal short axis views were obtained under M-mode. Cine loops collected from M-mode views were analyzed for anterior and posterior LV wall thickness as well as LV internal diameter at diastole and systole. Percentage fractional shortening (%FS) was calculated from Visual Sonics Standard Measurements and Calculations. One week after baseline echocardiographic assessment was completed, male mice were randomly assigned to either transverse aortic constriction (TAC) or sham surgeries. For surgeries, male mice between 12 and 14 weeks of age were anesthetized using ketamine (130 mg/kg i.p.) and xylazine (8.8 mg/kg i.p.) and subjected to transverse aortic constriction using a 27-gauge needle as described [@pone.0088582-Weldy1], [@pone.0088582-Liu2], [@pone.0088582-Yu1]. To measure cardiac response to surgery, echocardiographic assessments were completed for each mouse at 3 weeks post surgery. All echocardiographic measurements were performed by a blinded observer. Consistent with our previous report [@pone.0088582-Weldy1], within 17 mice subjected to TAC surgery, we observed surgery associated death, as defined by death within 72 hours of surgery, in 4/17 (23.5%) of mice. The rate of this mortality was 1/8 (12.5%) in FA mice, and 3/9 (33%) in *in utero* DE exposed mice. Although this mortality rate appeared to be elevated in *in utero* DE exposed mice, this trend did not reach statistical significance by χ^2^ test.

Necropsy, Gravimetric Tissue Analysis, and Myocardial Histology for Fibrosis {#s2h}
----------------------------------------------------------------------------

Three weeks after surgery, mice were sacrificed by overdose with tribromoethanol (i.p. 650 mg/kg) followed by exsanguination. Following sacrifice, tissue weights (ventricle weight, lung weight, liver weight, kidney weight, spleen weight, kidney weights, brain weight) and right tibia length were recorded. Tissues were either stored for histology or snap frozen in liquid nitrogen for subsequent biochemical analysis. Ventricles were cut in half along the sagittal axis to expose a two-chamber view. The first half of the ventricle was placed into formalin for fixation, while the second half was frozen in liquid nitrogen. Fixed ventricles were processed and embedded in paraffin as described above. Seven-micron thick sections were made of the heart, and Masson's Trichrome staining was performed using standard techniques. Extent of myocardial fibrosis was determined by Masson's Trichrome stain where percentage of blue stain was quantified over total tissue area from 4X images of the left ventricle free wall using NIH Image J (Bethesda, MD, USA) as previously done [@pone.0088582-Weldy1], [@pone.0088582-Liu2]. Using NIH Image J, low power images of the LV free wall were assessed in a blinded fashion. The border of the myocardium was traced manually to get a baseline area, then the area that would be considered 'highly fibrotic', where there is clear evidence of fibroblast collagen deposition and blue staining, is manually traced to get a subsequent area. The area of the myocardium that would be 'highly fibrotic' is expressed as a 'percentage highly fibrotic area'. Images of representative fibrotic regions were selected for presentation. To assess individual cardiomyocyte area, three 40X images of the LV free wall were taken from non-fibrotic areas of each heart. The individual cross-sectional cell area was quantified using NIH Image J, where the areas of 100 cardiomyocytes were manually traced (∼33 randomly selected cells per 40X image) and averaged for each section as described previously [@pone.0088582-Liu2]. Of 100 cardiomyocytes within the LV, area is averaged to get a single value that represents average myocyte area per heart. We then averaged cardiomyocyte area within exposure and surgery groups to assess individual cardiomyocyte hypertrophy.

Statistical Analysis {#s2i}
--------------------

Statistical analyses were performed using GraphPad Prism 5 for Microsoft OS X (GraphPad Software, Inc.; San Diego, CA, USA). Differences between two groups were determined by Student's T-Test using an α-value of 0.05. To test the effect of heart failure stimulation and exposure, a two-way ANOVA was used followed by a Bonferroni post hoc comparison to test differences between means. All error bars in figures represent mean ± standard error of the mean; \*, \*\*, \*\*\* represent significant differences with p\<0.05, p\<0.01, and p\<0.001 respectively.

Results {#s3}
=======

In Utero DE Exposure Increases Embryo Resorption, Placental Inflammation, and Placental Oxidative Stress {#s3a}
--------------------------------------------------------------------------------------------------------

To investigate the effect of *in utero* DE exposure on embryonic development, we exposed C57BL6/J mice to DE beginning on E0.5, 6 hrs/day, 5 days a week (M-F) until E17.5. At E17.5 dams were sacrificed. Uterine tissues were examined for evidence of embryo resorption, and weights were collected for each individual fetus and placenta. Interestingly, we observed the presence of resorbed embryos to be significantly increased within the dams exposed to DE compared to dams exposed to FA ([Figure 1A and B](#pone-0088582-g001){ref-type="fig"}). In a further assessment of fetal and placental weight from viable embryos, we did not observe DE to affect fetal weight ([Figure 1C and D](#pone-0088582-g001){ref-type="fig"}), but we did find evidence that DE seemed to promote a reduction in placental weight ([Figure 1E and F](#pone-0088582-g001){ref-type="fig"}). Although statistical significance is not reached when the average placental weight per dam is compared between FA and DE (n = 3 vs n = 4, respectively, p = 0.096), when statistical analysis is compared from each individual placenta (n = 23 vs n = 28), a strong statistical difference is achieved (\*\*p\<0.01).

![Embryonic day 17.5 (E17.5) embryo collection in FA and DE exposed dams.\
(A) Number of dams with resorbed embryos and (B) number of embryos resorbed vs number of viable embryos in FA and DE exposed dams. (C) Average fetus weight per dam and (D) individual fetus weights. (E) Average placental weight per dam and (F) individual placental weights. FA dams (n = 3), DE dams (n = 4).](pone.0088582.g001){#pone-0088582-g001}

We next assessed the general placental pathology from FA and DE dams by H&E staining. Relative to FA control placentas, those from DE dams showed evidence of increased necrosis, focal congestion, and hemorrhage at the labyrinth/spongiotrophoblast interface ([Figure 2A--D](#pone-0088582-g002){ref-type="fig"}). In addition, *in utero* DE exposure was associated with diffuse to focally-extensive compaction and/or increased stromal density of the highly vascularized labyrinth, potentially diminishing vascular space available for blood flow ([Figure 2E and F](#pone-0088582-g002){ref-type="fig"}).

![Images of placental cross sections stained with hematoxylin and eosin.\
(A) FA -- Decidua layer, (B) DE -- Decidua layer, excessive densely packed fibrin and enmeshed red cells and nuclear debris deep in the spongiotrophoblast layer, (C) FA -- spongiotrophoblast layer, (D) DE -- spongiotrophoblast layer, focal-extensive area of necrosis, congestion and hemorrhage at the labyrinth/spongiotrophoblast interface, (E) FA -- labyrinth layer, (F) DE -- labyrinth layer, increased stromal density and compaction of the vascular spaces. Scale bars = panels A--D, 100 µm; panels E and F, 50 µm.](pone.0088582.g002){#pone-0088582-g002}

To investigate whether the observed placental pathologies associated with DE exposure are associated with inflammatory cell infiltration, immunohistochemistry against CD45 was performed. CD45+ cells can be observed within the decidua layer in placentas from both FA and DE dams ([Figure 3](#pone-0088582-g003){ref-type="fig"}), but the number of cells was increased in placentas exposed to DE ([Figure 3B and D](#pone-0088582-g003){ref-type="fig"}). Quantification of the number of CD45+ cells within the decidua layer reveals a significant increase in CD45+ cellular infiltration in the *in utero* DE exposed placentas ([Figure 3E](#pone-0088582-g003){ref-type="fig"}).

![Images of placental cross-sections with immunohistochemistry staining against CD45 in FA (A and C) and *in utero* DE (B and D).\
Number of CD45+ cells normalized to decidua cross sectional area is quantified (E). FA dams (n = 3), FA placentas (n = 3 per dam), DE dams (n = 4), DE placentas (n = 3 per dam). Scale bars = 100 µm (panels A and B) and 50 µm (panels C and D).](pone.0088582.g003){#pone-0088582-g003}

To investigate if there is any evidence of DE-induced placental oxidative stress, we measured 3-nitrotyrosine (3-NT) protein modification, a robust marker of oxidative/nitrosative injury, by immunofluorescence in sagittal cross-sections of the placenta. We did not observe any clear evidence of overt 3-NT protein modification in the placental cross-sections from FA exposed dams ([Figure 4A](#pone-0088582-g004){ref-type="fig"}). In contrast, 3-NT immunofluorescence from placental cross-sections of DE exposed dams revealed clear evidence of elevated 3-NT protein modification, predominantly within perivascular regions ([Figure 4C--F](#pone-0088582-g004){ref-type="fig"}) in the fetal labyrinth layer. This spatial distribution of 3-NT immunofluorescence suggests that *in utero* DE promotes vascular oxidative stress.

![Placental 3-nitrotyrosine (3-NT) staining by immunofluorescence and adjacent H&E stained sections.\
Representative images from sagittal cross-section from (A and B) FA exposed dam, (C and D) DE exposed dam showing perivascular 3-NT staining, (E and F) DE exposed dam showing perivascular 3-NT staining, and (G) quantification of relative 3-NT fluorescence. FA dams (n = 3), FA placentas (n = 3 per dam), DE dams (n = 4), DE placentas (n = 3 per dam). Scale bars = 50 µm.](pone.0088582.g004){#pone-0088582-g004}

In Utero DE Exposure Increases Body Weight and Alters Blood Pressure in Adult Male Mice {#s3b}
---------------------------------------------------------------------------------------

Since *in utero* DE exposure is associated with significant placental pathology, we investigated whether *in utero* exposure to DE promotes long-term effects on adult body weight and blood pressure. We observed 10-week body weight to be elevated in male mice exposed to *in utero* DE ([Figure 5A](#pone-0088582-g005){ref-type="fig"}). In addition, to control for effects on body habitus rather than animal size, 10-week body weight was normalized to tibia length, a measure collected at necropsy at the end of the study. Body weight normalized to tibia length remained elevated in male mice exposed to DE *in utero* ([Figure 5B](#pone-0088582-g005){ref-type="fig"}), whereas no significant differences were observed when comparing tibia lengths ([Figure 5C](#pone-0088582-g005){ref-type="fig"}), indicating that effects on body weight are mediated through effects on body habitus.

![Effects of *in utero* DE exposure on adult body weight.\
(A) Male 10-week body weight, (B) body weight normalized to tibia length, and (C) tibia length. FA males (n = 10), DE males (n = 9).](pone.0088582.g005){#pone-0088582-g005}

As adverse intrauterine conditions have been associated with elevations in adult blood pressure [@pone.0088582-Barker1], we measured blood pressure by tail-cuff in the same cohorts of male mice that demonstrated an increase in body weight. Interestingly, in contrast to our hypothesis, we observed systolic (SBP), diastolic (DBP), as well as mean arterial blood pressure (MAP) to be significantly decreased in 10-week old male mice exposed to DE *in utero* ([Figure 6A--C](#pone-0088582-g006){ref-type="fig"}). To test if these observed decreases in BP were associated with our observed increases in body weight, we performed a linear regression between body weight and MAP ([Figure 6D](#pone-0088582-g006){ref-type="fig"}). We did not observe any significant linear relationship between MAP and body weight.

![Systolic (A), diastolic (B), and mean (C) arterial pressure as measured by tail-cuff in 10-week old male mice.\
(D) Linear regression between body weight and mean BP. FA males (n = 10), DE males (n = 9).](pone.0088582.g006){#pone-0088582-g006}

In Utero DE Exposure does not Alter Adult Baseline Cardiac Function but Increases Susceptibility to Pressure Overload-induced Heart Failure {#s3c}
-------------------------------------------------------------------------------------------------------------------------------------------

At 12-weeks of age, male mice underwent a baseline echocardiographic assessment. We did not observe *in utero* exposure to DE to have any effect on baseline ventricular wall thickness, chamber dimension, and contractile function ([Figure 7A--C](#pone-0088582-g007){ref-type="fig"}).

![Baseline left ventricular wall thickness and contractile function in 12 week old male mice as measured by echocardiography.\
(A) Left ventricular anterior wall thickness at diastole, (B) left ventricular internal diameter at diastole, (C) percentage fractional shortening. FA males (n = 10), DE males (n = 9).](pone.0088582.g007){#pone-0088582-g007}

Between 13 and 14 weeks of age, male mice were randomly assigned to undergo sham or transverse aortic constriction (TAC) surgery to promote pressure overload-induced heart failure. At 3 weeks post TAC surgery, an echocardiographic assessment was performed to determine the effect of TAC surgery on cardiac size, dimension, and function, followed by euthanasia and gravimetric analysis ([Figure 8](#pone-0088582-g008){ref-type="fig"}). TAC surgery induced cardiac hypertrophy and systolic dysfunction in both FA and DE mice, but mice exposed to DE *in utero* have significantly increased ventricular wall thickness ([Figure 8A](#pone-0088582-g008){ref-type="fig"}) in the absence of any change in LV internal diameter ([Figure 8B](#pone-0088582-g008){ref-type="fig"}), decreased fractional shortening ([Figure 8C](#pone-0088582-g008){ref-type="fig"}), and increased ventricle weight normalized to tibia length ([Figure 8D--H](#pone-0088582-g008){ref-type="fig"}).

![Three weeks following sham or transverse aortic constriction (TAC) surgeries to stimulate pressure overload-induced heart failure, (A) left ventricular anterior wall thickness at diastole, (B) left ventricular interior wall thickness at diastole, (C) percentage fractional shortening, and (D) ventricle weight normalized to tibia length at necropsy.\
(E--H) Representative images of ventricles at necropsy. FA sham (n = 4), FA TAC (n = 7), DE sham (n = 5), DE TAC (n = 6). Scale bars = 1 mm.](pone.0088582.g008){#pone-0088582-g008}

In Utero DE Exposure Promotes Myocardial Fibrosis but not Cardiac Myocyte Hypertrophy Following Pressure Overload {#s3d}
-----------------------------------------------------------------------------------------------------------------

To assess whether *in utero* exposure to DE promotes myocardial fibrosis following sham or TAC surgeries, we performed Masson's Trichrome staining on sagittal ventricle cross sections and assessed area of highly fibrotic regions as previously described [@pone.0088582-Weldy1], [@pone.0088582-Liu2]. We did not observe any evidence of fibrosis in the hearts from FA-Sham mice ([Figure 9A](#pone-0088582-g009){ref-type="fig"}), and only mild perivascular fibrosis in FA-TAC and in utero DE-Sham hearts ([Figure 9B and C](#pone-0088582-g009){ref-type="fig"}). In contrast, the hearts from *in utero* DE-TAC mice showed extensive perivascular and interstitial fibrosis distributed diffusely across the left ventricular free wall. Quantification of fibrotic area demonstrated that fibrosis within the *in utero* DE-TAC mice was significantly greater than FA-TAC mice (FA-TAC n = 7, *in utero* DE-TAC n = 6)(\*\*p\<0.01)([Figure 9E](#pone-0088582-g009){ref-type="fig"}).

![Assessment of myocardial fibrosis in the left ventricle wall of FA Sham (A), *in utero* DE Sham (B), FA TAC (C), and *in utero* DE TAC (D) mice.\
Blue staining indicates fibrotic regions. Percentage of LV area that is highly fibrotic was quantified (E). FA sham (n = 4), FA TAC (n = 6), DE sham (n = 5), DE TAC (n = 6). Scale bars = 200 µm.](pone.0088582.g009){#pone-0088582-g009}

To assess whether the observed effect of *in utero* DE exposure on heart weight is mediated at the myocyte level, we assessed the extent of individual cardiomyocyte hypertrophy by measuring individual myocyte cross-sectional area in exposed sham and TAC mice. We observed TAC to significantly increase individual cardiomyocyte cross-sectional area in both FA and *in utero* DE exposed mice ([Figure 10](#pone-0088582-g010){ref-type="fig"}) but did not observe an additive effect of *in utero* exposure to DE ([Figure 10E](#pone-0088582-g010){ref-type="fig"}).

![Assessment of individual cardiomyocyte hypertrophy in the left ventricle wall of FA Sham (A), *in utero* DE Sham (B), FA TAC (C), and *in utero* DE TAC (D) mice.\
Average myocyte area was quantified (E). FA sham (n = 4), FA TAC (n = 6), DE sham (n = 5), DE TAC (n = 6). Scale bars = 50 µm.](pone.0088582.g010){#pone-0088582-g010}

Discussion {#s4}
==========

In this report, we provide evidence that *in utero* exposure to diesel exhaust air pollution (≈300 µg/m^3^ PM~2.5~, 6 hrs/day, 5 days/week, a 53 µg/m^3^/hr PM~2.5~ time weighted average) promotes significant placental injury, manifested by hemorrhage, vascular compromise, focal necrosis, embryo resorption, inflammation, and oxidative stress. Surviving embryos develop increased body weight, altered blood pressure, and increased susceptibility to pressure overload-induced heart failure as adults. In combination, these data provide strong evidence that *in utero* exposure to fine particular air pollution may have significant effects on adult susceptibility to cardiovascular disease and heart failure. Although we have previously reported that combined *in utero* and early life exposure to DE can promote adult susceptibility to heart failure [@pone.0088582-Weldy1], these data reported here extend our earlier findings by demonstrating that *in utero* exposure to DE alone is sufficient to affect adult susceptibility to heart failure, supporting a fetal origin for this susceptibility to adult disease, through a mechanism that involves placental injury.

Placental insufficiency results from placental injury and has been reported to promote fetal hypoglycemia, hypoinsulinemia, acidosis, hypoxia, and decreased branched chain amino acid transfer [@pone.0088582-Bussey1], [@pone.0088582-Economides1], [@pone.0088582-Economides2], [@pone.0088582-MacLennan1], [@pone.0088582-Ogata1], [@pone.0088582-Ogata2] that can result in 'reprogramming' events that alter metabolic, cellular, and physiological function throughout life [@pone.0088582-MacLennan1], [@pone.0088582-Ogata2], [@pone.0088582-Bagley1], [@pone.0088582-Ke1], [@pone.0088582-Lane1], [@pone.0088582-Lane2], [@pone.0088582-Tsirka1]. Importantly, it has been suggested that many of these altered metabolic states are due to stable changes in gene expression resulting from epigenetic modifications such as DNA and histone methylation [@pone.0088582-MacLennan1], [@pone.0088582-Ke1]. Fetal hypoxia, a potential complication of placental injury, has been reported to promote fetal inflammation and oxidative stress, resulting in elevated DNA methylation of the promoter region of PKCε, predisposing adult myocardium to ischemia-reperfusion injury [@pone.0088582-Patterson1], [@pone.0088582-Patterson2]. Our findings are consistent with such a model, as the increased body weight to tibia length, decreased blood pressure, and increased susceptibility to heart failure in male mice exposed *in utero* is consistent with metabolic and physiologic reprogramming. Whether our effect is due to epigenetic reprogramming events that occur during *in utero* development is currently under investigation.

*In utero* exposure to other toxic agents have also been reported to promote adult cardiovascular disease. *In utero* exposure to AZT and 3TC reportedly leads to heart failure in adult female mice associated with increased cardiac mitochondrial DNA content and altered mitochondrial and myofibril ultrastructure [@pone.0088582-Torres1], [@pone.0088582-Torres2]. *In utero* exposure to caffeine also reportedly predisposes to increased adult body fat composition and adult heart failure, possibly through inhibition of A1AR and HIF1α activity [@pone.0088582-Wendler1]. *In utero* exposure to cocaine has been shown to promote fetal cardiac myocyte apoptosis, adult susceptibility to ischemia-reperfusion and adult hypertension [@pone.0088582-Bae1], [@pone.0088582-Bae2], [@pone.0088582-Xiao1]. In our study, we have not yet assessed mitochondrial or myofibril ultrastructure, myocardial apoptosis or the potential role of A1AR or HIF1α. It is important to note, however, that antiretroviral drugs and caffeine exposure both result in baseline ventricular dysfunction, which we do not observe in our study. Cocaine exposure results in adult hypertension, while we observe reduced blood pressure, suggesting independent pathophysiological mechanisms. Reduced blood pressure has also been observed in adult rats with diet-induced metabolic syndrome after acute exposure to PM~2.5~ and ozone, through a presumed autonomic mechanism [@pone.0088582-Wagner1]. Further investigation is required to determine whether there may be overlapping toxicological mechanisms in common between these reports and our study.

In our study, we tested the effect of DE exposure, at ≈300 µg/m^3^ PM~2.5~, 6 hours/day, 5 days/week. A 300 µg/m^3^ PM~2.5~ concentration for this exposure paradigm equates to a time weighted average of 53 µg/m^3^/hr PM~2.5~. This hourly exposure is significantly higher than the current U.S. EPA clean air standard of 12 µg/m^3^ PM~2.5~ per year. We chose to test this DE concentration as it is consistent with other investigations on DE and vascular function [@pone.0088582-Cherng1], [@pone.0088582-Cherng2], [@pone.0088582-Knuckles1], and it is very relevant to population level exposures in highly polluted urban areas where the level of exposure can approach 500 µg/m^3^ at any given time [@pone.0088582-Wang1].

The relevance of our findings to human populations remains to be determined. A recent meta-analysis of PM exposure and birthweight observed PM~2.5~ and PM~10~ exposure to be associated with reduced birthweight [@pone.0088582-Dadvand1] at concentrations observed in developed countries. In addition, PM~2.5~ exposure during pregnancy has been associated with decreased placental mitochondrial DNA content (a marker of mitochondrial oxidative stress) [@pone.0088582-Janssen1] and placental DNA hypomethylation [@pone.0088582-Janssen2]. These observations indicate that human exposure to PM~2.5~, at concentrations relevant to those living in developed countries, directly impact the developing fetus, and likely through a placental insufficiency mechanism. These findings suggest that effects on adult human cardiovascular disease susceptibility are plausible, although further epidemiologic and clinical studies will be necessary to make this determination.

The mechanism by which inhaled PM can elicit placental inflammation and oxidative stress remains unclear. It has been reported that inhaled particles can elicit systemic inflammation, and *in vitro* models have shown that soluble factors released from diesel exhaust particulate exposed macrophages are able to rapidly incite vascular endothelial inflammation and oxidative stress [@pone.0088582-Shaw1], [@pone.0088582-Weldy4]. In addition, it has been observed that human plasma collected from individuals exposed to DE for only short periods of time (1 hr) is proinflammatory to endothelial cells *in vitro* [@pone.0088582-Channell1], further suggesting that soluble, proinflammatory mediators are circulating in the blood following the inhalation of DE. In our system, it remains to be determined whether there are maternal circulating proinflammatory mediators that are responsible for our observed effects. Although it is possible that circulating factors are causal to these effects, we cannot exclude the possibility that maternal DE exposure promotes the activation of neuronal transient receptor potential (TRP) channels that line the airway and which have been observed to be activated by DE and promote systemic vascular and cardiac effects [@pone.0088582-Fariss1], [@pone.0088582-Hazari1]. TRP channels are highly expressed within female reproductive organs and the placenta, and their activation has been suggested to play important roles in placental development and regulating the feto-maternal interface [@pone.0088582-Drr1]. If DE exposure can result in systemic activation of TRP channels, it is possible that placental TRP channels are also activated and may mediate our observed effects. This possibility has yet to be investigated.

Taking into account the potential for circulating factors as well as neuronal TRP activation in mediating these systemic effects, we observed increased inflammatory cell infiltration into the maternal decidua layer of the placenta, suggesting inflammation to arise from signals originating from the mother. Interestingly, our observed increase in placental vascular oxidative stress did not overlap with areas of inflammatory cell infiltration and were largely limited to the fetal labyrinth layer. At present, a causal relationship between the observed increases in vascular oxidative stress and inflammatory cell infiltration has not been established and it remains possible that they are unrelated. Regardless of their relationship, they both provide evidence of significant placental injury in response to DE exposure.

Conclusions {#s5}
===========

In this report, we demonstrate that *in utero* exposure to diesel exhaust air pollution in mice promotes placental injury, creating long lasting effects on weight gain, blood pressure, and susceptibility to heart failure in surviving embryos. The results from this study raise the question of whether human susceptibility to adult cardiovascular disease may be exacerbated by *in utero* exposure to air pollution and suggest the need for future studies to address this question. Such studies will likely guide future regulatory policies that will address environmental exposures and public health.
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